The challenges with full-duplex transceiver (FD) implementation and transmission in small area radio communication systems are introduced. The main challenge in the FD transceiver design is the self-interference (SI). A three-stage SI cancellation is used for SI mitigation. Analog SI isolation is performed at radio frequency (RF) by utilizing an antenna design based on the characteristic modes theory and using active cancellation principle. Phase and attenuation values of the active cancellation signal path are tuned while transmitting a data signal to a distant node. After the tuning the SI isolation at RF is 90 dB . The remaining SI is then cancelled at baseband. For the baseband SI cancellation an estimate of the SI channel is needed. SI channel estimation is done in full-duplex mode and since the receiver has full knowledge of the transmitted signal no extra pilots are used for the SI cancellation.
INTRODUCTION
FD transceivers can transmit and receive simultaneously at the same carrier frequency offering the potential to double the spectral efficiency, to reduce air interface delays, and to facilitate improved collision detection and avoidance mechanisms in content based networks [1] . Therefore, FD transmission concept is identified as one possible technique for 5G systems [2] , [3] . Other benefits as well as challenges in FD systems development have been reviewed in, e. g., [4] , [5] , [6] , [7] . Despite these fundamental results and achievements, there are still many challenges and open problems to resolve, ranging from FD transceiver design to the network level operation. For instance, a FD transceiver is capable to handling simultaneous up link and downlink traffic [8] . Nonetheless, in the network level there will be an increase in the intra and inter-cell interference, which may hamper the performance of the FD devices. To this end, the authors in [9] , [10] , [11] shed some light into these issues by assessing the spectral efficiency, the outage probability and throughput in a network level deployment of FD nodes. Another potential application is in relaying networks, where the relay operates in a FD fashion while other nodes are half-duplex (BD), which eliminates the inherent issue of multiplexing loss of HD relaying [4] , [12] , [13] .
The main problem in the FD transceiver design is the SI, i.e., the leakage of the transmit signal to the device's own receiver. Depending on the system, the SI cancellation requirement can be well over 100 dB. In order to achieve such a high isolation levels, the SI cancellation must be done at different stages. Reviews on different SI cancellation techniques can be found, e.g., in [3] , [14] , [15] . In this paper, the analog cancellation is done at RF using an active cancellation principle, where a feed-forward path consisting of a phase shifter and attenuator is added in parallel to the transmit and receive antenna ports. Since the attenuation and phase settings of the active cancellation can change during the operation, they must be tunable. The usage of a gradient descent algorithm for the tuning has been proposed in [16] . The tuning of the active cancellation circuitry is done in HO mode using the transmitted data signal without the need to use a specific tuning signal, i.e., the data transmission can be continuous.
The remaining SI after the first cancellation stage is cancelled at the baseband. Therein the SI channel is first estimated. The SI channel estimate and the known transmitted signal are then used to form a signal that is subtracted from the received signaL The SI channel estimation is performed during the reception of the signal from a distant node using the transmitted data signal. Hence, neither additional pilot symbols nor silent periods are needed for the SI channel estimation [17] .
The rest of the paper is organized as follows. The transceiver model and SI cancellation is described in Section 2 and numerical results are presented in Section 3. Finally, conclusions are presented in Section 4.
TRANSCEIVER AND SELF ·INTERFERENCE CANCELLATION
The self-interference cancellation is performed with three techniques: antenna isolation, active cancellation at RF and digital cancellation. The antenna design is based on the characteristic modes theory [18] , [19] . The antenna offers 61 dB isolation over 20 MHz bandwidth. For the RF cancellation, an additional signal path consisting of a phase shifter (<(J) and attenuator (Att) is added in parallel to the antenna to provide additional isolation, see Fig. 1 . Port PI is the transmitter's antenna port and P2 is the receiver's antenna port. Power splitter after PI is used to sample the transmitted signal for analog SI isolation. The signal power fed to the phase shifter is 20 dB lower than that at port PI and 99% of the power is propagating to the antenna. The power splitter can be implemented as a 20 dB directional coupler. The power combiner before P2 is used to sum up the SI signal and the output signal of the attenuator. The signal from the attenuator is further attenuated by 20 dB in the power combiner and it can be also be implemented as a directional coupler.
Since the SI path from the transmitter to the receiver can change during the operation the phase and attenuation of the SI isolation path must be tunable. The tuning of the SI isolation path is done using the transmitted data signal, i.e., no extra pilot symbols are needed for the baseband SI cancellation. The principle of the tuning is shown in Fig. 2 . The steepest descent (SD) adaptive algorithm used for the tuning of the attenuation (g) and phase (<(J) is signal is calculated as [20] c(n) = Rxy(n -N) , where
If the peak value of the cross-correlation at iteration k is smaller than that at iteration k -1 the tuning is continued. If the peak value is the same or larger than at the previous iteration the tuning is stopped and phase and attenuation values from the iteration k -1 are selected to be used in the active cancellation.
The RX block in Fig. 2 is a direct conversion receiver with I2-bit analog-to-digital (AD) converters (Fig. 3) . The low noise amplifier gain and noise figure used in simulations are 10 dB and 2 dB, respectively. The variable gain amplifier (GI) is used to scale the signal power before the AD conversion.
The residual SI after the RF cancellation is further reduced with baseband processing as shown in Fig. 2 . The SI channel is estimated using minimum mean square error (MMSE) estimator
where Rx is the autocorrelation matrix of the transmitted selfinterference (XSI) and r is the vector of cross-correlations between the received signal after the SI cancellation y( n) and
xsr(n).
The SI channel estimate is used to form a replica of the remaining SI signal, which is then subtracted from the received baseband signal. The signal after the baseband SI cancellation is then Y = Yd + Xsr(hsI -hSl) + w. (5) After the SI cancellation, synchronization, channel estimation and data detection are performed for the desired signal. Channel for the desired signal is estimated utilizing the long training sequence (LTS) of the IEEE 802.11 [21] . The channel estimate at sub-carrier k is [22] ( 6) where Yi,k is the received sample at sub-carrier k during the reception of the i th symbol of the LTS, x k is the kth element of the LTS symbol. Two identical LTS symbols are sent during the beginning of a frame.
NUMERICAL RESULTS
The signal used in simulations is an orthogonal frequencydivision multiplexing (OFDM) signal with 48 data subcarriers and 4 pilot sub-carriers at 3.5 GHz center frequency. Data sub-carriers are modulated using 16 level quadrature amplitude modulation (16-QAM). The bandwidth of the signal is 20 MHz. The antenna is modelled using an electromagnetic simulation tool (CST Microwave Studio). Simulated S-parameters are brought to the system model as a S-parameter file. The FD transceiver including the analog SI isolation is modelled using the Advanced Design System (ADS). Baseband signal generation and the baseband FD receiver including the control of the SI isolation are implemented using Matlab. The starting point for the Matlab model development has been the OFDM simulation model from [23] . Baseband and RF models are included in the same simulation model allowing to model the interplay between the RF and baseband domains.
Examples of the tuning performance are is shown in Fig. 4 . The initial values of the attenuator and phase shifter are -15 dB and 0 degree, respectively, and the gain of the amplifier G 1 in Fig. 3 is set to 0 dB to prevent overloading of the AD converters. In one iteration, 100 OFDM symbols including cyclic prefixes are sent. With the used signal model this corresponds to 0.4 ms per iteration. If the phase and and attenuation of the feed-forward path are far from the optimal values and the step size is too small, the convergence of the SD algorithm is slow and in some cases the cross-correlation based criterion can stop the algorithm too early. To prevent this, a variable step size is used. In the first five iterations, the step size j3 in the steepest descent algorithm (1) has been 5 . 10-3 and after this the step size decreases to 1 . 10-3 . The red curve with the marker m5 shows the performance when the phase and attenuation tuning resolution are 5 degrees and 1.0 dB, respectively. The blue curve (m6) shows the performance when the attenuation resolution is decreased to 0.5 dB.
The magenta curve (m9) shows the performance when the attenuation resolution is further decreased to 0.25 dB and in the six first iterations j3 is 5 . 10-3 before switching to 1 . 10-3 . The SI cancellation performance with different initial phase values of 0 0 , 90 0 , 180 0 and 270 0 are shown in Table 1 . With 1 dB attenuation resolution the SI cancellation performance changes from 78 to 90 dB. With further simulations it was found out that when the initial phase value is between 26 0 and 139 0 or between 281 0 and 307 0 the SI cancellation at RF after tuning is 90 dB and when the initial value is not inside these regions the SI cancellation is 78 dB. This variation of SI cancellation performance indicates that the 1 dB resolution is too low for the tuning. With 0.25 dB and 0.5 dB resolution the SI isolation is 90 dB or more regardless of the initial phase settings of the feed-forward path. Bit-error-rate (BER) performance of an un-coded FD link was also evaluated. In BER simulations the initial phase and attenuation values of the analog SI have been 180 0 and -15 dB and the phase and attenuation resolution in the tuning phase have been 50 and 0.5 dB, respectively. After the tuning has stopped the system switches to FD mode and the gain of the amplifier Gl is set to 35 dB. BER results as a function of the bit energy to noise spectral density ratio (Eb/NO) are shown in Fig. 5 . Eb/NO values correspond to received signal powers from -90 dBm to -70 dBm. The blue curve with asterisks shows the BER of the FD link when, 60 OFDM symbols are used for the SI channel estimation and the channel between the nodes has been an additive white Gaussian noise channel (AWGN). The magenta curve with triangles shows the performance when 100 OFDM symbols are used for the SI channel estimation. The red curve with circles shows the BER of a HD link and the dashed black curve shows the theoretical BER of HD 16-QAM modulation in an AWGN channel calculated with Matlab's berawgn function [20] . The difference between the BER of the HD link and theoretical curve is due to the channel estimation in (6) . Since the SI channel estimation is done during the data reception from a distant node, the desired signal acts as a interference for the SI channel estimation. Its effect can be mitigated by increasing the number of signal samples in SI estimation as seen from full-duplex 1 and full-duplex 2 curvers in Fig. 5 .
CONCLUSIONS
A three-step SI cancellation was considered. Antenna design based on the characteristic modes theory provides 61 dB isolation. The isolation at RF is further increased by utilizing a feed-forward path from the transmitter's power amplifier output to the receiver's low-noise amplifier input. The attenuation and phase shift of the feed-forward path must be accurately tuned in order to gain this additional SI isolation. The tuning is performed in a HD mode using the transmitted signal and the variable step steepest descent algorithm. After the tuning up to 33 dB additional isolation is gained resulting in total RF isolation of 94 dB. After the tuning of the feed-forward path is accomplished the system switches to FD mode. The residual self-interference is cancelled by estimating the SI channel using the transmitted data signal. The estimated SI channel is then used to form a estimate of the residual SI which is then subtracted from the received signal. After the synchronization, channel estimation an data detection of the desired signal the BER is used to measure the FD link performance in an AWGN channel.
Potential Applications and Future Work
As aforementioned FD communications can enhance the spectral efficiency of wireless networks and thus is a poten-6556 tial candidate for 5G. Besides, FD transceivers can support simultaneous uplink and downlink traffic, which can be also used for in-band wireless backhaul applications as pointed out in [4] . Furthermore, another promising application for FD transceivers is in relaying networks, which is closer to a practical scenario, since terminal nodes would be HD, while the base station is FD as evinced in [1] as well as in [12] .
As a future work, we intend to consider fading channels and extend the proposed design. First, we aim to analytically model the received signal as a function of the transceiver impairments imposed at the RF chain (e.g. power amplifier nonlinearities, phase noise, quantization), thus quantifying its effect into signal of interest. Some models already exist [24] , but do no focus on FD transceivers nor the multiplicative effect of the imperfections on the system performance. This model allows us to better characterize the performance of the FD transceiver in more practical scenarios such as FD relaying and self-backhauling.
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